We report the 'early' conformation of the Escherichia coli signal recognition particle (SRP) and its receptor FtsY bound to the translating ribosome, as determined by cryo-EM. FtsY binds to the tetraloop of the SRP RNA, whereas the NG domains of the SRP protein and FtsY interact weakly in this conformation. Our results suggest that optimal positioning of the SRP RNA tetraloop and the Ffh NG domain leads to FtsY recruitment.
We report the 'early' conformation of the Escherichia coli signal recognition particle (SRP) and its receptor FtsY bound to the translating ribosome, as determined by cryo-EM. FtsY binds to the tetraloop of the SRP RNA, whereas the NG domains of the SRP protein and FtsY interact weakly in this conformation. Our results suggest that optimal positioning of the SRP RNA tetraloop and the Ffh NG domain leads to FtsY recruitment.
In all organisms, the SRP targets nascent polypeptides with a signal sequence to the translocation machinery in the membrane through association with its membrane-localized receptor [1] [2] [3] [4] . In E. coli, SRP consists of one protein (Ffh) and a 4.5S RNA (114 nucleotides). Ffh and FtsY each contain a conserved NG domain with a GTPase G domain and an N domain 5, 6 . Assembly between the SRP and FtsY NG domains mediates delivery of ribosome-nascent chain complexes (RNCs) to the membrane, and subsequent reciprocal GTPase activation coordinates the transfer of the signal sequence to the translocon 7 . In the cocrystal structure of the Thermus aquaticus Ffh-FtsY NG domains, the G domains form a composite active site 8, 9 suggesting a mechanism for GTPase activation. The conserved Ffh M domain recognizes the signal sequence and binds the 4.5S RNA 10 . E. coli FtsY contains an additional, weakly conserved A domain implicated in membrane interaction and translocon association 11 .
Three conformations of the SRP-FtsY complex are identified in coordinating the transfer of the RNC to the translocon 12 . First, a GTPindependent 'early' Ffh-FtsY complex is formed, which subsequently rearranges to the GTP-dependent 'closed' conformation bringing the G domains in close contact. The 'activated' state requires alignment of conserved residues with respect to both GTP molecules in the GTPase active site. The RNC accelerates assembly of a stable SRP-FtsY complex but thermodynamically disfavors the rearrangement into the 'closed' state, primarily through preferential stabilization of the early conformation 12 . Here, we describe the cryo-EM structure of the E. coli ribosome-SRP-FtsY complex in the early conformation, demonstrating that the ribosome acts as a platform that optimally positions critical SRP regions for receptor recruitment.
SRP and FtsY form a complex with ribosomes displaying an FtsQ signal sequence 13 (Fig. 1) . However, this complex is not stable enough to be visualized by cryo-EM. To stabilize the Ffh-FtsY interaction, we fused the FtsY C terminus to the Ffh N terminus through a 31-residue (Fig. 1a,b and Supplementary Methods). This scSRP binds ribosomes as efficiently as unlinked SRP and FtsY (Fig. 1c) . GTPase activity is preserved in scSRP, and likewise is suppressed by the RNC 12 ( Fig. 1d and Supplementary Fig. 1 ).
To stall the early conformation, the cryo-EM sample contained a 15-fold excess of scSRP over RNCs without nucleotides. After multi-particle refinement, the RNC-scSRP structure was reconstructed at 13Å resolution (Fourier shell correlation 0.5 criterion) (Supplementary Methods, Supplementary Discussion and Supplementary Figs. 2 and 3) . At the exit of the ribosomal tunnel, large extra density (197 × 97 Å) is observed that resembles the previously determined RNC-SRP complex 13, 14 (Fig. 1e) . The atomic model of RNC-scSRP was generated by fitting crystal structures of the E. coli 70S ribosome 15 , the E. coli 4.5S RNA-M domain 10 and the individual T. aquaticus Ffh and FtsY NG domains 8 into the experimental density ( Fig. 2 and Supplementary  Methods) . The bilobal density at the tunnel exit can be attributed to the highly homologous NG domains of Ffh and FtsY with two possible orientations. Fitting Ffh and FtsY NG domains as shown in Figure 2 (i) is more consistent with the position of the linker between the Ffh NG and M domain, (ii) requires the fewest Ffh rearrangements compared to the electron microscopy-derived model of the SRP-RNC complex (Supplementary Fig. 4 ) and (iii) agrees with the biochemical data (Supplementary Discussion). Although our scSRP construct comprises the complete FtsY A domain, this domain is not visible in our structure and thus is likely to be disordered in the targeting complex.
The loosely packed Ffh-FtsY NG domain interface (Fig. 2b) does not involve the G domains in our model of the nucleotide-independent, early conformation. In agreement, the GTPase active sites are accessible in the early conformation for GTP binding and exchange. However, in the closed and activated states, the G domains form a composite GTPase site 8, 9 . This conformational change is consistent with fluorescence resonance energy transfer (FRET) measurements using fluorescent labels attached to Ffh G153C and FtsY K345C. These showed lower FRET signal in the early state, which increased considerably upon addition of non-hydrolyzable GTP (GMPPNP) 12 (Supplementary Fig. 5) .
On the basis of the fitting of the NG domains, the FtsY G domain contacts the conserved 4.5S RNA tetraloop by means of a positively charged α-helix (Fig. 2c) . Mutations in Lys399, and to a lesser extent in Arg402 and Lys406, have been shown to interfere similarly to tetraloop mutations with the ability of the RNA tetraloop to catalyze complex formation [16] [17] [18] . This underscores the critical role of the FtsY-RNA tetraloop interaction in stabilizing the early conformation. In contrast, in a cryo-EM structure of the eukaryotic RNC-SRP-SRP receptor complex obtained in GMPPNP, which presumably represents the closed or activated conformation, the homologous NG domains of SRP and the eukaryotic SRP receptor-α dissociate from the tetraloop of the SRP RNA and are not visible 19 . This suggests that subsequent closing of the complex and GTPase activation leads to the dissociation of the NG domains from the SRP RNA tetraloop.
We observe only a single ribosomal contact (Fig. 2d) , in contrast to four contacts in the RNC-SRP structures 13, 14 . The contact between the Ffh N domain and ribosomal proteins L23 and L29 is lost in this complex (Fig. 2b) , but the GTPases remain close to the exit site. The density at the connection is also weak (Fig. 2d) , suggesting that a portion of the M domain and the signal sequence becomes flexible 13, 14 . Thus, this structure may represent the first of a series of FtsY-induced rearrangements leading to the detachment of the SRP from the ribosome. This detachment could allow for initial contact between the translocon and L23, which is the main translocon-contact site, thus fostering successful transfer of the RNC from the SRP to the translocon.
FtsY interacts simultaneously with the SRP RNA tetraloop and the Ffh protein. Notably, the RNA tetraloop is not positioned to contact FtsY in any crystal structures of free SRP, suggesting that the RNC serves as a platform to conformationally preorganize SRP for receptor binding (Fig. 3) . Therefore, the sequence of events can be summarized as follows: (i) initial interaction of the Ffh N domain and L23 (ref. 13 ), (ii) recognition of the signal sequence, causing SRP to dock onto the RNC 13, 14 and (iii) receptor binding stabilized by interactions of the RNA tetraloop with FtsY, leading to the early RNC-SRP-FtsY complex presented here. These structural observations are supported by biochemical evidence indicating that, compared to free SRP, RNCbound SRP forms a 50-fold more stable early complex with FtsY and that the RNA tetraloop and the basic residues on the lateral surface 
